The influence of atmosphere composition on the metabolism of Brochothrix thermosphacta was studied by analyzing the consumption of glucose and the production of ethanol, acetic and lactic acids, acetaldehyde, and diacetyl-acetoin under atmospheres containing different combinations of carbon dioxide and oxygen. When glucose was metabolized under oxygen-free atmospheres, lactic acid was one of the main end products, while under atmospheres rich in oxygen mainly acetoin-diacetyl was produced. The proportions of the total consumed glucose used for the production of acetoin (aerobic metabolism) and lactic acid (anaerobic metabolism) were used to decide whether aerobic or anaerobic metabolism predominated at a given atmosphere composition. The boundary conditions between dominantly anaerobic and aerobic metabolisms were determined by logistic regression. The metabolism of glucose by B. thermosphacta was influenced not only by the oxygen content of the atmosphere but also by the carbon dioxide content. At high CO 2 percentages, glucose metabolism remained anaerobic under greater oxygen contents.
Modified atmosphere packaging extends the shelf life of raw meat and fish by suppressing or slowing down the growth of gram-negative psychrotrophic bacteria, mainly pseudomonadlike organisms, which cause rapid spoilage of food stored in contact with air as a result of the presence of end products from aerobic metabolism. Different combinations of carbon dioxide, nitrogen, and oxygen have been used in modifiedatmosphere-packaged (MAP) meat and fish. The commercial approach to optimizing the bright red color of MAP fresh red meat consists in enriching the atmosphere in both carbon dioxide and oxygen, usually to ca. 20% CO 2 and ca. 80% O 2 (1, 19, 23) . Color also plays an important role as a limiting factor in the shelf life of some species of scombroids, such as tuna and related species, stored under modified atmospheres. It has been reported elsewhere that 40% CO 2 and 60% O 2 are the most effective mixture to extend the shelf life of tuna, in which Shewanella putrefaciens was one of the dominant bacteria when stored in contact with air (18) . This higher concentration of CO 2 recommended for MAP tuna (18) is due to the greater resistance of S. putrefaciens than of Pseudomonas spp. to CO 2 (20) and also to the relatively high pH of tuna, at which S. putrefaciens is able to grow (14) .
Brochothrix thermosphacta is one of the dominant microorganisms in CO 2 -and CO 2 -O 2 -enriched atmospheres. Therefore, this bacterium plays an important role in the spoilage of MAP meat (1, 6, 16, 28) and fish (8, 17, 18, 24) . The main factor limiting the shelf life of refrigerated MAP food is offensive odor development resulting from microbial metabolism (28) . Gill and Newton (11) found that glucose was the substrate preferentially used by B. thermosphacta when growing in meat. No utilization of glucose-6-phosphate, lactic acid, and nucleotides was detected. Moreover, the range of amino acids that this bacterium could use was very restricted, and the resulting growth was slower. The main metabolites resulting from consumption of glucose by B. thermosphacta under anaerobic conditions are L-(ϩ)-lactic acid and ethanol, but no acetoin, and only small or no amounts of short-chain fatty acids have been detected (7, 13) . Under aerobic conditions, B. thermosphacta produces acetoin; acetic, isobutyric, 2-methylbutyric, and isovaleric acids; and 3-methylbutanol (3, 4, 5) . The main sign of spoilage in meat inoculated with B. thermosphacta is the sour-sweet offensive odor mainly associated with acetoin and, to a lesser degree, with the above-mentioned acids (7) . Therefore, the spoilage pattern associated with aerobic metabolism is faster developing and more offensive than that associated with anaerobic metabolism, which yields mainly lactic acid and ethanol as end products.
The results of Ordóñez et al. (22, 24) suggest that the inclusion of oxygen in CO 2 -enriched atmospheres could enhance the aerobic metabolism of B. thermosphacta. It is therefore of interest to determine which combinations of CO 2 and O 2 delay the oxidation of myoglobin but also ensure that the metabolism of B. thermosphacta remains dominantly anaerobic. The purpose of this work was to study the extension of the shelf life of MAP products by controlling microbial metabolism rather than growth rates. The conditions that determined the boundary between dominantly anaerobic and dominantly aerobic glucose metabolisms were estimated by studying selected end products of glucose metabolism under different combinations of CO 2 and O 2 . The proportion of the total consumed glucose that was metabolized in aerobic conditions was estimated from the amount of acetoin-diacetyl formed, while the amount of lactic acid was used to estimate the proportion of glucose anaerobically metabolized. These proportions were used to decide whether the metabolism was dominantly aerobic or anaerobic for a given atmosphere composition.
MATERIALS AND METHODS
Strains. B. thermosphacta MR 165, originally isolated from fresh bacon and kindly supplied by the Reading Laboratory of the Institute of Food Research, Reading, United Kingdom, was maintained at Ϫ20°C. Immediately before the experiments, it was subcultured in tryptone soy broth (Oxoid/Unipath CM129) and incubated at 25°C for 24 h three consecutive times.
Preparation of the cultures. Amounts of 200 ml of tryptone soy broth (previously adjusted to pH 6) were dispensed in glass bottles (volume, 1 liter) with rectangular sides and screw caps. Bottles were autoclaved at 121°C for 15 min. The caps had a sampling hole, covered by a silicone disk located between the bottle mouth and the cap.
Open bottles were placed inside laminated film bags (25 by 50 cm) of low gas permeability (Cryovac BB4L; O 2 diffusion coefficient, 35 cm  3 /24 h/m  2 /10  5 Pa, and  CO 2 diffusion coefficient, 150 cm 3 /24 h/m 2 /10 5 Pa). A EUVAC 65 packaging machine was used to produce the modified atmospheres inside the bags. After the air was removed and the selected gas mixture was injected, the bags containing the open bottles were heat sealed. Caps were firmly screwed onto the bottles, inside the sealed bags. The gas composition inside the bottle was determined indirectly by measuring the composition inside the sealed bag with a CO 2 -O 2 analyzer (Abiss model GT12). Finally, the bottles were removed from the bags and stored at 5°C until inoculation.
The different atmospheres at which growth and metabolite production were measured are given in Table 1 Each bottle was inoculated with 1 ml of the appropriate dilution of the subculture of B. thermosphacta, to reach a final concentration of ca. 10 3 CFU/ml. The inoculum was injected with a sterile syringe through the silicone disk of the cap. Bottles were incubated at 5°C lying on one of their sides.
Sampling, bacterial counts, and metabolite concentration determinations. At each sampling time, a 3-ml sample was removed from each bottle with a sterile syringe through the silicone disk of the cap. Bacterial counts were determined by plating samples on tryptone soy agar (Oxoid/Unipath CM131). Bacteria were counted following incubation of tryptone soy agar for 48 h at 25°C. The remaining volume of the sample was centrifuged, filtered (0.45-m pore size; Millipore), and stored at Ϫ20°C until chemical analyses were performed.
Analyses of L-(ϩ)-lactic acid, acetic acid, ethanol, acetaldehyde, and glucose were carried out with Roche/Atom kits, according to the manufacturer's instructions. The acetoin-diacetyl concentration was measured as previously described (29) .
After the last sampling time, the composition of the atmosphere in each bottle was determined.
Modeling. The growth of the population was fitted to the Baranyi and Roberts model (2) . The specific metabolite production rate was defined as
where x is the cell concentration (CFU per milliliter), C P is the concentration of the metabolite P (milligrams per 100 ml), and t is time (hours). It was observed that, during the stationary phase of bacterial growth, lactic acid and acetoin-diacetyl were produced at a constant rate, independently of the conditions. Therefore, their non-growth-associated specific production rate was constant: ␤ P (t) ϭ ␤ P . This parameter was expressed as rate (milligrams 100 ml Ϫ1 hour Ϫ1 ) per 10 8 cells (␤ P ϫ 10 8 ). Glucose consumption showed the opposite trend. Therefore, the specific glucose consumption rate was defined as
where C G is the concentration of glucose G (milligrams per 100 ml) and is expressed as the rate of glucose consumption (milligrams 100 ml Ϫ1 hour Ϫ1 ) per 10 8 cells (␤ G ϫ 10 8 ). No increases in the concentrations of ethanol and acetic acid were detected during the stationary phase. The total concentration (milligrams per 100 ml) of these metabolites under each atmosphere was calculated as the average of the measurements obtained at the different sampling times.
The natural logarithms of the maximum specific growth rates and those of the non-growth-associated rates of lactic acid and acetoin-diacetyl production and glucose consumption were described as a function of the percentage of CO 2 and O 2 in the atmosphere by second-order polynomials. The relationship between the composition of the atmosphere and the natural logarithm of the total concentration of acetic acid and ethanol was also studied by using quadratic polynomials. TABLE 1. Lactic acid and acetoin-diacetyl production rates, glucose consumption rates, total ethanol and acetic acid concentrations, and maximum specific growth rates of B. thermosphacta at 5°C with different percentages of oxygen and carbon dioxide in the atmosphere F tests were used to determine the significance of the effects of oxygen and/or carbon dioxide on the modeled bacterial responses. Initially, the effect of the variable (oxygen or carbon dioxide) which accounted for the greatest variability of the bacterial responses was modeled. Then an F test was used to decide whether the effect of the other variable was significant.
Boundary atmosphere composition for aerobic-anaerobic metabolism. A discriminant function was developed to establish the atmosphere compositions that determine the boundary between dominantly aerobic and dominantly anaerobic metabolisms of B. thermosphacta. This boundary was defined as the conditions at which the microorganism population could carry out aerobic or anaerobic metabolism with equal probability (0.5). A similar approach was used to determine the boundary growth conditions of Shigella flexneri in reference 27.
Assuming that B. thermosphacta has a homofermentative metabolism, i.e., it produces two molecules of lactic acid per molecule of glucose, the proportion of the total consumed glucose that was anaerobically metabolized yielding lactic acid, Glu anaer , can be estimated as half the ratio between the produced lactic acid molecules and the consumed glucose molecules:
where MW L is the molecular weight of lactic acid, L, and MW g is the molecular weight of glucose, g. Likewise, assuming that acetoin is formed via ␣-acetolactate, the proportion of glucose that was aerobically metabolized to yield acetoin-diacetyl as end product, Glu aer , was estimated as
where MW A is the molecular weight of acetoin, A. When the proportion of glucose anaerobically metabolized, Glu anaer , was greater than the proportion of glucose aerobically metabolized, Glu aer , the metabolism of the population was considered to be dominantly anaerobic. When the opposite occurred, the metabolism was considered dominantly aerobic.
A logistic model (SAS/STAT User's Guide, version 8; SAS Institute Inc., Cary, N.C.) was used to describe the probability of anaerobic metabolism as a function of the percentage of CO 2 and O 2 in the atmosphere. The metabolism of glucose was considered to be a random variable following the Bernoulli distribution, with a value of 1 when the metabolism was anaerobic and 0 when it was aerobic. The fitted model was
where p is the parameter of the Bernoulli distribution (probability of anaerobic metabolism) and a, b, and c are the parameters estimated by the maximum likelihood method.
To determine the boundary between both forms of metabolism, a discriminant function was obtained from equation 5 by imposing the p ϭ 0.5 condition:
RESULTS
Acetaldehyde was not detected under any of the experimental conditions. Ethanol and acetic acid were detected under all of the tested atmospheres, but no consistent pattern of accumulation was observed during the stationary phase. However, lactic acid and acetoin-diacetyl were produced and glucose was consumed at constant rates during the stationary phase. The data in Fig. 1 show the behavior of the population under two different atmospheres: 0/80/20 and 0/0/100 ratios of CO 2 -O 2 -N 2 , respectively. At 0% oxygen, consumption of glucose was slower than at 80%. The rate of acetoin-diacetyl production was much higher at 80% oxygen than at 0%, while no noticeable changes were observed in the production of lactic acid. For B. thermosphacta, Table 1 reports the growth rate, production rates of lactic acid and acetoin-diacetyl, glucose consumption rate, and total concentrations of acetic acid and ethanol calculated for each experimental condition. Table 2 reports the final estimates of the different models. Note that models have been developed to study which factor, oxygen or carbon dioxide, had a significant influence on metabolite production and glucose depletion rather than to give predictions. For those models with low coefficients of determination (R 2 ), predictions may be unreliable. The coefficients in Table 2 refer to variables that significantly affected bacterial response. The higher the oxygen concentration in the atmosphere, the greater the acetoin-diacetyl production rate (Fig.  2b) , the total concentration of acetic acid (Fig. 2c) , and the rate of glucose consumption (Fig. 2d) . However, no effect of oxygen on lactic acid production was observed (Fig. 2a) . Likewise, greater concentrations of carbon dioxide in the atmosphere yielded higher production rates of lactic acid (Fig. 2a) and lower production rates of acetoin-diacetyl (Fig. 2b) . No significant changes were observed in the consumption of glucose, and production of acetic acid did not show a consistent trend: the total concentration of this acid increased as CO 2 was increased from 0 to 20 to 40% and decreased as CO 2 was increased from 20 to 40 to 80%. Only small amounts of ethanol were detected. Ethanol concentration was not influenced by either oxygen or carbon dioxide percentages. The maximum specific growth rate of B. thermosphacta was not affected by the percentage of oxygen, but it decreased when the concentration of carbon dioxide was increased (Fig. 2e) . The data in Fig. 3 show the effect of atmosphere composition on the metabolism of glucose by B. thermosphacta. The proportion of glucose transformed into acetoin-diacetyl clearly increased with increased oxygen concentration (Fig. 3a) . Consequently, the increase of the acetoin-diacetyl production rate with oxygen (Fig. 2b) is attributable to two main effects: higher consumption rate of glucose (Fig. 2d) and greater acetoindiacetyl yield (Fig. 3a) , i.e., more glucose was consumed under high oxygen concentrations, a greater proportion of which was transformed into acetoin-diacetyl. The proportion of glucose FIG. 2 . Lactic acid production rate (a), acetoin-diacetyl production rate (b), total amount of acetic acid (c), glucose consumption rate (d), and maximum specific growth rate (e) of B. thermosphacta at 5°C and different percentages of oxygen and carbon dioxide in the atmosphere. (Fig. 3b) ; however, lactic acid production rates were not affected by oxygen concentration (Fig. 2a) . This result may be explained by the fact that, although the presence of oxygen decreased the anaerobic metabolism of glucose, it increased the glucose consumption rate (Fig. 2d) , i.e., more glucose was consumed, yielding greater amounts of end products.
The data in Fig. 3 demonstrate a greater transformation of glucose into lactic acid (Fig. 3b) and a lower yield of acetoindiacetyl (Fig. 3a) as the CO 2 concentration was increased. Increased carbon dioxide enhanced the anaerobic metabolism of glucose but did not increase its consumption rate, which accounted, in turn, for increases in the lactic acid production rates and decreases in the acetoin-diacetyl rates (Fig. 2a and b,  respectively) .
The data in Fig. 4 show the dominant metabolism in each of the modified atmospheres. The metabolism of B. thermosphacta was dominantly aerobic in atmospheres with high oxygen content, i.e., more glucose was aerobically metabolized, yielding acetoin-diacetyl, than anaerobically metabolized, yielding lactic acid. High percentages of CO 2 in the atmosphere favored anaerobic metabolism. The effect of oxygen on the metabolism of B. thermosphacta was related to the amount of CO 2 ; under atmospheres with relatively high percentages of CO 2 the metabolism was predominantly aerobic only at higher concentrations of O 2 (Fig. 4) . In the absence of CO 2 , the metabolism was predominantly aerobic in the presence of 9 to 17% O 2 . However, at ca. 35% CO 2 , more than 30% O 2 was required to obtain the same effect (Fig. 4) .
The sum of proportions of aerobically and anaerobically metabolized glucose (Glu aer ϩ Glu anaer ) should not exceed 1.0 (Fig. 3) . Sums of proportions greater than 1 are attributable to the magnification of the experimental error. The experimental error was magnified by adding up proportions that were calculated as the rates between two estimations, ␤ P and ␤ G . The influence of this error on the estimation of the boundary between anaerobic and aerobic metabolism was minimized by transforming proportions into binary data, 1 when Glu anaer was greater than Glu aer and 0 otherwise, as described above.
Because of the interaction between the effects of the two gases, the percentage of oxygen in the atmospheres for which anaerobic and aerobic metabolisms in the population were equally probable was a function of the CO 2 percentage, as follows:
Notice that equation 7 is derived from equation 6 after estimating the coefficients and solving for the oxygen percentage. When the percentage of oxygen is higher than the solution of this equation for a given CO 2 concentration, the metabolism of B. thermosphacta is predominantly aerobic, and it is predominantly anaerobic when the percentage of oxygen is lower than the solution (Fig. 4) .
DISCUSSION
The greater yield of lactic acid under anaerobic conditions, the greater yield of acetoin-diacetyl under aerobic conditions, and the fact that no acetaldehyde was detected suggest that the metabolism of B. thermosphacta could have certain similarities with that of Lactococcus lactis subsp. lactis var. diacetylactis. Under aerobic conditions, this organism produces acetoin from diacetyl, which comes from pyruvate via ␣-acetolactate, yielding one molecule of acetoin per molecule of glucose, while under anaerobic conditions it transforms glucose mainly into lactic acid, yielding two molecules of lactic acid per molecule of glucose (12, 25) . Similar results have been reported for food, such as those for refrigerated MAP pork (22) , where B. thermosphacta was identified as the dominant bacterium. Greater 
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on July 2, 2017 by guest http://aem.asm.org/ acetoin-diacetyl production under high oxygen concentration and no effect of oxygen on production of L-lactic acid were reported. B. thermosphacta was also the dominant microorganism in MAP hake (24) and salmon steaks (8) , and a greater accumulation of lactic acid was detected at high CO 2 concentrations. Acetic acid and ethanol did not accumulate during the stationary phase; these metabolites may have been used as substrates for other reactions. The total amount of acetic acid produced was greater under higher concentrations of oxygen. Acetic acid has been identified elsewhere as an end product of aerobic metabolism of B. thermosphacta (3, 4, 5) . Production of 3-methylbutanol and isobutyric and 2-methylbutyric acid by B. thermosphacta was also reported previously (3, 4, 5) . These metabolites are derived from acetic acid (25) , which could explain why acetic acid did not accumulate during the stationary phase. The relationship between CO 2 percentage and the total concentration of acetic acid was not clear. The observations for hake (24) followed a trend similar to that found in this study, with production of acetic acid being lowest in the absence of CO 2 and greater at 20 than at 40% CO 2 . In similar experiments with salmon (8), no differences were observed in acetic acid production at 0, 20, and 40% CO 2 .
It has been suggested elsewhere that B. thermosphacta behaves as a heterofermentative organism, yielding lactic acid, ethanol, and CO 2 from glucose (13) . Whether the ethanol comes from this pathway or whether its formation is concomitant with other organic acids, acetaldehyde is required as an intermediate metabolite (12, 25) . In the present work, acetaldehyde was not detected at any of the sampling times and under any atmosphere, which suggests either that ethanol is not produced via these pathways or, more likely, that the yield of ethanol is very small and the yield of acetaldehyde is not detectable. This result corroborates the idea that the anaerobic metabolism of glucose by B. thermosphacta is homofermentative. Ethanol may not accumulate in the presence of CO 2 and O 2 because it is transformed into fatty acid ethyl esters, as observed with other bacteria, such as the family Micrococcaceae (21) .
Oxygen and carbon dioxide mainly affected glucose metabolism. Glucose consumption rates were affected only under atmospheres with high oxygen percentages, atmospheres at which higher rates were detected. In situations of oxygen stress, the growth rate of Escherichia coli was limited by the intracellular level of superoxide dismutase, which provides effective protection against superoxide ion toxicity (9). Furthermore, high percentages of O 2 did not affect the growth rate of E. coli when the level of superoxide dismutase was higher and the respiration rate was higher (9) . The lack of influence of oxygen on the exponential growth rates of B. thermosphacta was likely associated with higher respiration rates. The higher glucose consumption rates detected during the stationary phase at high O 2 percentages were also probably related to the higher respiration rate required under oxygen stress.
The exponential growth was not affected by the level of oxygen in the atmosphere. Oxygen does not influence the rate of food spoilage in terms of the growth of B. thermosphacta; however, spoilage is not determined by growth per se but by the microbial metabolism. Equation 6 estimates the maximum percentage of O 2 as a function of the percentage of CO 2 that a modified atmosphere should contain in order to avoid a shift from dominantly anaerobic to dominantly aerobic metabolism. This metabolic switch would cause a change in the end metabolites, from mainly lactic acid (less offensive odor) to acetoin-diacetyl, short-chain fatty acids, etc. (more offensive odor), and thus an earlier rejection of the product by consumers.
Red meats (e.g., beef and pork) and scombroids (e.g., tuna) require atmospheres enriched in O 2 , in order to maintain the bright red color of oxymyoglobin, and in CO 2 , in order to inhibit the growth of aerobic gram-negative bacteria. Atmospheres with a 20/80 proportion of CO 2 -O 2 are typically used for red meat with a normal pH of ca. 5.5 (1, 19, 23) . If the metabolism of B. thermosphacta is considered a limiting factor, in order to avoid the change from predominantly anaerobic to aerobic metabolism, based on this model (equation 6), the maximum concentration of oxygen should be 46% oxygen with the remaining 54% of the volume being carbon dioxide. Thus, it seems necessary to modify the composition of the previously reported CO 2 -O 2 mixtures for use in red meat which include 80% oxygen (1, 19, 23) . Percentages of CO 2 as high as 54% could produce a slight, but probably perceptible, acidification of the meat that would cause undesirable exudates. The recommended approach to solving this problem is increasing the CO 2 percentage up to 35 to 40% and decreasing the O 2 concentration from 80 to 40%, according to equation 6, and completing the mixture with nitrogen. Regarding meat color, it has been reported elsewhere that consumers reject meat with ca. 60% metmyoglobin (1) . Assuming that metmyoglobin formation is proportional to time and interpolating from previously reported data (1, 18, 23) , the time needed to reach ca. 60% metmyoglobin with ca. 40% oxygen is 20 days or longer. This is at least twice the shelf life of meat stored at refrigeration temperatures (4 to 5°C) in contact with air.
However, the recommended atmosphere for storage of tuna contains higher percentages of CO 2 (40%) to inhibit the growth of S. putrefaciens (18) . Although a 40/60 mixture of CO 2 -O 2 is close to the boundary described by equation 6, a slight decrease in the O 2 percentage, from 60 to 45 or 50%, as well as a slight increase in the CO 2 concentration, from 40 to 55 or 50%, would ensure a predominantly anaerobic metabolism. The acidification in fish due to the high CO 2 percentage would not produce the adverse results that would be expected for red meat, because the difference between the pH of tuna (ca. 6.0) and the isoelectric point of the muscle proteins is greater than that of meat. Oxygen is also used in packaging fish with very low myoglobin content such as hake, salmon, sole, etc. These fish, with relatively high pHs, are packaged in atmospheres with 40 to 50% CO 2 without O 2 (8, 18, 24) . However, some researchers have reported on the value of including oxygen at low concentrations, e.g., 5%, to avoid the growth of Clostridium botulinum type E (10, 26) . Therefore, 40 to 50/5 to 10/55 to 60 ratios of CO 2 -O 2 -N 2 are also recommended to package these kinds of fish (15) . According to equation 6, the content of oxygen in these atmospheres is much lower than the minimum content required for B. thermosphacta to carry out aerobic metabolism. 
